Recent observations by the Crystal Barrel experiment of two scalar resonances, f 0 (1370) and a 0 (1450) have allowed us to clarify the members of the scalar nonet. In addition, a third scalar, f 0 (1500), appears to be supernumerary, and is a candidate for the scalar glueball expected near 1550 MeV.
Light Quark Meson Spectroscopy
Light quark meson spectroscopy studies the mesons which are made up of u, d, and s quarks. Within the quark model, these mesons come in nonets of de nite spin, parity and C{parity, J PC , where these quantum numbers are produced by the relative state of the quark{antiquark pair. The spin 1 2 quarks and antiquarks can combine into either a spin singlet, S = 0 state, or a spin triplet, S = 1 state. In addition, there can be a relative orbital angular momentum L between the quark and the antiquark, L = 0; 1; 2; . Finally, thesystem can have radial excitations where the principal quantum number N takes on values 1; 2; . The total angular momentum J is then formed by combining L and S. Using these quantum numbers, we can describe a given nonet via spectroscopic notation as N 2S+1 L J , or in terms of the conserved quantum numbers of the strong interaction I G J PC . Where the system has isospin I, G{parity, G = (?1) L+S+I , total spin J, parity P = ?(?1) L and C{parity, C = (?1) L+S . Fig. 1 shows the known light{quark mesons classi ed in this manner, as well as a few additional states which do not seem to t into the scheme. It is actually the states which do not t into theclassi cation, the so called exotics, which are the main interest in light quark meson spectroscopy. These exotics include glueballs, bound states of gluons, hybrid mesons, meson states containing a valance gluon, and so called 4{quark states,, all of which are predicted by models of low energy QCD. There are several tools available to identify these states:
Quantum Numbers, (I G )J PC identify if the state can be assigned to a nonet, or if the nonet is full, they identify the state as supernumerary. As an example of an exotic state, consider the glueball { a bound state of 2 or 3 gluons. In most models, the ground state glueball is expected to be a scalar object, I = 0, J PC = 0 ++ . In addition, lattice calculations, and the uxtube model both predict that the ground state glueball should have a mass of 1500 to 1600 MeV/c 2 . Unfortunately, these are exactly the quantum numbers of the scalar mesons, f 0 and f 0 0 . The mass is also more or less where one would expect to nd the scalar mesons. In this case, the quantum numbers alone will be insu cient to identify the glueball. However, we can also examine the decay pattern of a glueball. Assuming avor democracy, or equal coupling to u, d and s quarks, one would expect the following decay patterns: : : 0 : K K = 3 : 1 : 0 : 4
For production, one would expect to see the glueball in the gluon{rich production mechanisms: radiative J= , pp annihilation, and central production, while one would expect this to not be present in channels like photoproduction, and . Finally, if the glueball were to lie near in mass to mesons of the same quantum numbers, one would not be surprised to see mixing of these states, which could distort the decay pattern.
The Analysis Method
Most of the results presented here come from the Crystal Barrel Detector at LEAR, 1] a nearly 4 apparatus for both charged particles and photons. The detector is used to study pp annihilation at rest and in ight, (up to 1.9GeV/c), and has been very productive in the eld of meson spectroscopy. The detector is shown in Fig. 2 . The antiprotons enter along the axis of the 1.5 T solenoidal eld, and stop in a liquid hydrogen target. They annihilate, and the resulting , K and 's are tracked outward through the detector. Immediately outside the hydrogen target are two cylindrical multiwire proportional chambers used to either trigger on or veto events with charged particles. Next is a 23 layer cylindrical drift chamber, (JDC). The chamber is divided axially into 30 sectors, with an 8mm wire spacing between adjacent radial layers. The wires are read out at each end to provide a z{measurement through charge division. Outside the JDC is the CsI(Tl) barrel built from 1380 16 radiation length crystals. The crystals are arranged in a center{pointing geometry, and the calorimeter has achieved an energy resolution of 2.5% at 1GeV.
The data presented here arise from pp annihilations at rest. For annihilations in a liquid hydrogen target, it is known that most of the pp atoms annihilate from an initial S-state, 1 S 0 or 3 S 1 . In this situation, the quantum numbers of the the initial state are known as 0 ?+ an 1 ?? respectively. These data are analyzed within the framework of the isobar model. Assuming that we have three mesons in the nal state, a, b and c, then the transition from the initial to nal state is assumed to proceed through a series of quasi two{body intermediate states, A, B and C. The decay momentump describes the two particles from the initial pp system, while the decay momentumq is measured in the rest frame of the intermediate two{body state. As an example, the following processes might be possible. 
where Z is a spin{parity function, D is a centrifugal barrier function, and F is a dynamical function. In the case of a single resonance, F would be written as a Breit{Wigner function. However, in the case of the scalar meson sector, where one has many broad, overlapping resonances, a more detailed parametrization of F is needed. In this case, the K{matrix approach is used to describe the decay of a resonance into several di erent nal states 2] . The real, symmetric K{matrix can be written as: 
It is then the poles of the T{matrix which describe the resonance parameters. In addition, the production is described using the P{vector approximation of Aitchison.
which then leads to the F{vector,
(3) This parametrization for F is used in equation 2 to t the data, and extract the resonance parameters.
The Scalar Mesons
The rst three data sets discussed in this paper come from an all{ neutral trigger, (no charged particles in the pwc). The 6 nal state is obtained from 16:8 10 6 all neutral annihilations at rest, where we reconstruct pp ! (712k events), pp ! (374k events) and pp ! (198k events) where and are detected in their 2 decay modes. These three data sets have been analyzed using a coupled channel technique in the K{matrix formalism. This formalism allows for example a resonance to be observed in both the and nal states. The same decays are involved in both, but a di erent production mechanism is allowed. In addition, a resonance decaying to both and could be observed via the same production mechanism in both and , but a di erent decay is involved in each. A very important element of these analysis is the correct treatment of the isospin 0, S{wave scattering which we refer to as . We have taken the parametrization of Au, Morgan and Pennington 3] , (AMP) to describe the scattering as a function of the invariant mass up to the f 0 (980). This must then smoothly connect to our solution for higher masses. The following summarizes the results in this analysis. The pp ! Dalitz plot (Fig. 3{left ) has 3{fold symmetry, meaning that resonances are seen simultaneously as three bands, vertical, horizontal and diagonal. In the vertical, one sees a band near 0:9 GeV 2 corresponding to the f 0 (980). The two blobs at the upper and lower edge of the plot near 1:7 GeV 2 corresponds to the f 2 (1270), and the vertical band near 2:25 GeV 2 corresponds to a new scalar resonance, the f 0 (1500). The blob near 2:4 GeV 2 is caused by re ections from the low{mass S{wave system, and a tensor state, (J PC = 2 ++ ) near 1550 MeV. In addition, the t to this Dalitz plot requires a broad, inelastic scalar state at a mass of 1370 MeV, which is probably the f 0 (1300). There is a very broad background pole at a mass 1000 MeV/c 2 . The mass and width of this latter pole tend to move around. 4 
], 5], 6]
The Dalitz plot (Fig. 3{right) The Dalitz plot for pp ! (Fig. 4{left) , exhibits a very complicated interference pattern which is evidence for dominance of a single initial state. The nal state arises almost entirely from the 1 S 0 state of the pp atom. The analysis explains the data using the following amplitudes.
S{wave] Including the AMP parametrization 3] , f 0 (980) and f 0 (1370) explain 50 to 55% of the data. S{wave] The a 0 (980) explains 13 to 15% of the data. In addition the data demand a second resonance, the a 0 (1450), m = (1470 25), ? = (265 30), which explains 5% of the data. Ignoring the second resonance causes the 2 =N dof to increase from 1.2 to 2.5 9] .
P{wave] A broad non{ resonant background wave is needed to explain about 1.5 to 4.5% of the data. We exclude a resonance interpretation with the mass and width reported by GAMS for the^ (1405) 10] . d{wave] The a 2 (1320) describes 18 to 28% of the data. In addition, a second a 2 is needed to account for about 2% of the data. However, its mass is at the edge of phase space, and we do not claim that this is a resonance. 4] A simultaneous spin{parity analysis 4] In addition to the previous three nal states, an independent spin{parity analysis of pp ! 0 has been made using 977 0 events reconstructed from the 6 nal state 11] . The Dalitz plot from these events is shown in Fig. 4{right . The enhancement in the lower right corner of the Dalitz plot is identi ed as a J PC = 0 ++ object in the 0 system. This isospin 0 object is identi ed as the f 0 (1500) decaying into 0 . We measure its mass, width and branching fraction to be: m = (1545 25 A second analysis of these data using a mass independent width to t the f 0 nds an equally good solution with a mass of 1500 MeV/c 2 and a width of 120 MeV/c 2 . This solution has a branching ratio that is 20% higher than quoted above. The K K nal state is very important in classifying mesons. In has been examined to search for resonances decaying into + ? 13] . The mass{mass plot, (Fig. 5{right) shows an enhancement in the + ? data over the background. The analysis of these data show the presence of a scalar resonance X decaying into and , where is the S{wave. We nd m X = 1374 38 MeV and ? X = 375 61 MeV. Under the assumption that this is isoscalar, it is probably the inelastic f 0 (1370) seen above, and we estimate that its 4 :2 decay ratio is approximately 5:1. The Scalar Nonet
In Table 1 are shown the ground state L = 1 nonets in the quark model as assigned by the Particle Data Group 14] . Normally, the octet and singlet I = 0 members of the nonets are mixed. In the case of an ideally mixed nonet, (complete separation between the u u + d d and the s s components), = 35:3 . In table 1 are given the two mixing angles for the pdg assignments for all except the scalars. Most of these are fairly close to ideally mixed.
Looking at the 0 ++ assignment, it is fairly clear that the a 0 (980) and the f 0 (980) do not t well into the nonet. Other evidence from both two{ photon couplings and J= decays indicate that these states are not simplesystems. If these are not members of the scalar nonet, what are the members? The f 0 (1370), (probably the f 0 (1300)), is a good candidate for the lightest I = 0 member. In addition the a 0 (1450) ts naturally in as the I = 1 member. Using the mass of the K 0 (1430), we can compute a scalar nonet mixing angle of either 62 or 118 . The question then arises as to where is the f 0 0 ? There are several additional 0 ++ states that could possibly be this state. The f 0 (1500) from Crystal Barrel, the f 0 (1520) from LASS 15] , the f 0 (1590) or G{meson from GAMS 16] , and possibly the f J (1710) or . Using the mixing angle for the scalar nonet, we would expect the f 0 0 to have a mass of 1500{1800 MeV and relative decay widths as given in table 2. Correcting the measured branching fractions for the f 0 (1500) by its decay momentum yields the relative decay strengths given in the f 0 (1500) row of from this is it is not possible to identify the f 0 (1500) as the f 0 0 . An identi cation as the rst radial excitaion of the the f 0 (1370) also seems rather unlikely. The mass di erence is to small, and the relatively narrow width of the f 0 (1500) make it improbable that it is a radial excitation. The obvious question is What is the f 0 (1500)?. Table 2 : The expected decay fractions for the f 0 0 for three mixing angles. In addition, the measured values for the f 0 (1500) and a pure scalar glueball are given.
Lattice calculations predict that the lowest mass scalar glueball should have a mass around 1550 MeV. However, for a pure glueball, one expects the avor blind decays rates as given in equation 1. These are clearly in disagreement with the measured values of the f 0 (1500). The f 0 (1500) is not a pure glueball. However, the f 0 (1500) sits more or less in the middle of the isoscalar members of the scalar nonet, f 0 (1370), and an expected f 0 0 ( 1500 ? 1800). It would be quite surprising if the f 0 (1500) were not mixed into the scalar nonet. Amsler and Close 17] argue that this is exactly what has occurred. In this paper, they are able to explain the decay pattern of the f 0 (1500) as a glueball mixed into the scalar nonet. If the f 0 (1500) is the scalar glueball, then one would expect to see it in other production mechanisms. Both radiative J= decays and central production are expected to be gluon rich channels. show evidence for the f 0 (1500). These data can be described as an interference between the f 0 (1370) and the f 0 (1500), with both resonances being observed in both the + ? and + ? + ? nal states. In addition, the GAMS experiment has observed a J PC = 0 ++ state decaying to 4 , and 0 16] . This centrally produced state is quoted with a mass of 1590, but may be the f 0 (1500).
Summary
There is currently good evidence that the scalar gluball has been observed. This object, the f 0 (1500) has a decay pattern which is most simply described as the scalar glueball mixed into the scalar nonet. In addition, it is observed in three di erent gluon rich production mechanisms. However, there are several missing measurements which are needed to clarify this. In particular, a measurement of f 0 (1500) ! KK is quite important. In addition, the f 0 0 (1500 ?1800) needs to be found. We hope to see both of these completed at LEAR in the next couple of years.
